Life expectancy is greatly shortened in patients presenting with myotonic dystrophy type 1 (DM1), the most common neuromuscular disease. A reliable prediction of survival in patients with DM1 is critically important to plan personalized health supervision.
S teinert disease, also known as myotonic dystrophy type 1 (DM1), is the most common inherited neuromuscular disease in adults, with a 1:8000 prevalence worldwide. 1 It is an autosomal dominant disorder caused by the expansion of a (CTG) n triplet repeat in the 3′ untranslated region of the DMPK gene. 2 Aside from muscle weakness and myotonia, the disease involves the respiratory, cardiac, endocrine, ocular, and central nervous systems. 3, 4 Life expectancy is greatly shortened in patients with DM1, mainly because of an increased risk of respiratory complications and sudden cardiac death. 5, 6 Despite the known correlation between overall disease severity and size of the CTG amplification in populations with DM1, 7 the wide individual variability in vital prognosis complicates the management of the disorder. 8 A reliable prediction of long-term mortality in this progressive disease is of major importance to plan a personalized health surveillance program based on appropriate screenings, monitoring of manageable complications, and specific preventive measures to improve its prognosis. Several prognostic factors have been identified in DM1, such as age, severity of muscle weakness, 5, 6 or cardiac conduction defects, 9 although, to our knowledge, a reliable prognostic risk score has yet to be created. Our objective was to develop a model to predict the survival of patients presenting with DM1 based on a set of common patient characteristics.
Methods

Derivation and Validation Cohorts
Our derivation cohort consisted of 1066 consecutive patients 18 years and older admitted to our medical institutions between January 2000 and November 2014 for the management of DM1, diagnosed by the presence of 50 or more CTG triplets in the 3′ untranslated region of the DMPK gene on blood leukocytes and included in the DM1 Heart Registry (clinicaltrials.gov identifier, NCT01136330), regardless of their underlying cardiovascular status. At the time of initial referral to the Cardiology Department, Cochin Hospital, Paris, France, or the Neurology Department, Pitié-Salpêtrière Hospital, Paris, France, patients presenting with DM1 underwent neurological, respiratory, and cardiac examinations. From June 2010 to November 2014, we prospectively entered observations from these examinations and results from genetic tests into a dedicated database; data from January 2000 to May 2010 were entered retrospectively. We based the development of the DM1 prognostic score on the observations made during the first hospitalization of these patients between January 2000 and November 2014. Because referral medical centers dedicated to the management of neuromuscular diseases are in charge of the genetic testing and follow-up of patients with DM1 in the French health care system, the vast majority of patients diagnosed in our geographic area (Paris region) during the study period were included in the registry. Therefore, our study sample is representative of the overall DM1 population in that area and subject to a minimal selection bias. This study, in compliance with the ethical principles formulated in the Declaration of Helsinki, was approved by the Comité de Protection des Personnes Ile de France III, and all patients granted written informed consent to participate in the registry. Our validation cohort included 230 consecutive adult patients referred to the neurology or cardiology departments of Centre Hospitalier Universitaire de Nantes, Nantes, France, and Centre Hospitalier Régional Universitaire de Tours, Tours, France, between January 2000 and November 2014 for the management of DM1, diagnosed by the presence of 50 or more CTG triplets in the DMPK gene on blood leukocytes. The vast majority of patients with DM1 diagnosed in the catchment area of these medical centers during the study period were included in the study. Patients in the validation and derivation cohorts underwent the same genetic, neurological, respiratory, and cardiac investigations.
Determination of Vital Status and Causes of Death
The primary end point of the study was overall survival. We consulted the National Death Registry for all patients included in the derivation and validation cohorts at the end of the observation period in November 2014 to ascertain their vital status and determine the primary cause of death. The primary physicians, the hospital departments tracking all fatal outcomes, or both were contacted to collect information relative to the circumstances of deaths. Two study investigators (P.L. and D.D.) uninvolved in the data collection and unaware of the patients' clinical statuses and medical managements reviewed these circumstances and classified all deaths according to their primary cause, based on the International Statistical Classification of Diseases and Related Health Problems, Tenth Revision.
Predictors of Clinical Events
Based on a comprehensive literature review and clinical relevance, we identified 10 variables previously collected in the DM1 Heart Registry and potentially associated with all-cause mortality in DM1: age; mutation size; need for support when walking (defined as permanent use of a cane or a wheelchair); cardiovascular mortality, including atrial fibrillation, first-degree atrioventricular block on electrocardiogram, left or right bundle-branch block, and left ventricular ejection fraction; and respiratory mortality, including lung vital capacity and swallowing disorders. We also selected characteristics from
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Question Can long-term survival be predicted by a simple scoring system for patients with myotonic dystrophy type 1, the most frequent neuromuscular disease?
Findings In this cohort study including 1296 adults with myotonic dystrophy type 1, a practical risk score to predict the probability of 10-year survival was developed and validated internally and externally based on a set of common patient characteristics, including age, diabetes, need for support when walking, heart rate, systolic blood pressure, first-degree atrioventricular block, bundle-branch block, and lung vital capacity.
Meaning The myotonic dystrophy type 1 prognostic score is associated with long-term survival. our database that had a possible influence on the vital prognosis in the general population, including sex, diabetes, heart rate, systolic and diastolic blood pressure, dyslipidemia, hypertension, and smoking status. Heart rate and blood pressure were measured routinely during examinations by a cardiologist, according to American Heart Association guidelines 10 after appropriate patient preparation, including a delay of 5 or more minutes before the first measurements were made.
Statistical Analysis
Categorical data are reported as counts and percentages and quantitative data as means and standard deviations or medians and interquartile ranges. Missing baseline data were handled with multiple imputations by chained equations using the baseline cumulative hazard of death in the imputation model. 11, 12 All predictors considered in the model development were used in the imputation model. Because roughly 35% of patients had 1 or more missing predictors, 35 independent imputed data sets were generated and analyzed separately. 13 Convergence of the multiple imputation algorithms was assessed by visual inspection of the mean and variance of the imputations streams. Estimates were then pooled over the 35 imputations according to the standard rules by Rubin 14 to provide point estimates and confidence intervals for each parameter. Overall survival was estimated using the Kaplan-Meier product-limit method. Variables previously shown or suspected to influence survival in individuals with DM1 were analyzed using a Cox multiple variable model. The proportional hazards assumption was checked by examination of Schoenfeld residuals and the Grambsch-Therneau lack-of-fit test. 15 Restricted cubic splines were used to determine whether continuous predictors could be analyzed as linear terms. 16 Continuous variables were then grouped into 3 categories according to predefined cutoffs to simplify the presentation of the model and calculation of scores. For age, CTG expansion size, heart rate, and systolic blood pressure, in absence of widely accepted thresholds, we used sample tertiles to avoid overoptimistic data-driven cutoff points in the prognostic value of the variables. For vital capacity, we used thresholds that are commonly used in clinical practice. 17 Two strategies were used to develop the model with the imputed data. 18,19 First, we used
Wald tests for the pooled regression coefficients to simplify the model with a backward selection procedure, with P value cutoffs mimicking the use of Akaike information criterion. This rule corresponds to a P value of .157 for a variable with 1 df. We used a similar backward elimination procedure in each imputed data set and retained the model comprising the variables selected in most imputed data sets. Both strategies selected the same variables. Two-by-two interactions between each of the selected variables were then examined using Wald tests for the pooled regression coefficients. No higher-order interactions were considered. The model performance was evaluated by the concordance (C) index as a measure of discrimination and by the calibration curve. The C index measures how well the model discriminates between survivors and nonsurvivors and can be viewed as the extension of the area under the receiver operating characteristics curve for survival data. 20 It varies theoretically between 0.5 and 1.0, with a value of 1.0 indicating perfect discrimination. The calibration curve contrasts observed vs predicted probabilities of events and evaluates the accuracy of the predictions. The slope of the calibration curve is a measure of overoptimism of the model predictions. Because prognostic models derived from multiple variable regression with variable selection are prone to overestimate regression coefficients, our model was validated internally using bootstrapping. 20 The second model selection strategy was repeated in 200 bootstrap samples, and the model estimated in each sample was evaluated in the original sample.
The differences between the bootstrap and the original sample performances were taken as a measure of the overoptimism of the selected model. The C index corrected for overoptimism was then estimated, and the corrected calibration slope was used as a shrinkage factor for the regression coefficients of the selected model. In each case, the predictions and the estimation of model performance were estimated within the imputed data sets and then pooled (pool-last method), as recommended.
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The final model was presented with hazard ratios obtained after shrinkage with their 95% confidence intervals. In addition, a simplified scoring system was obtained by rounding the shrunken regression coefficients multiplied by 4 to the nearest integer. This facilitated the calculation of the prediction score. Predicted probabilities of survival at 10 years were then presented for each single score value, except for extreme values, which were grouped into scores of 0 or 1 and scores of 15 or greater, given the small samples sizes.
The DM1 prognostic score was externally validated according to principles and methods of Royston and Altman. 22 Briefly, we first estimated the regression coefficient of the DM1 prognostic score in a Cox model fit to the validation cohort data set to estimate the calibration slope. A slope of 1 is ideal, while a slope less than 1 indicates a lower discrimination and a slope greater than 1 a higher discrimination. Second, we computed the discrimination of the score and the simplified score in the validation data by the C index. We then contrasted the observed survival estimated by the Kaplan-Meier method in the external validation cohort and the model-based predictions derived from the original model for grouped values of the simplified score. Finally, we contrasted the regression coefficients of the Cox model (log[hazard ratio]) for these categories in the derivation and the external validation cohorts. Missing data were handled by multiple imputation for the score development. Because data from 45 of 230 patients (20.0%) in the validation cohort were missing on the covariates needed to compute the score, 20 imputed data sets were created. All results presented correspond to pooled results over these 20 imputed data sets. In all analyses, tests were 2-sided, and statistical significance was set at P < .05, except when otherwise stated. All analyses were performed using R statistical software version 3.2.0 (The R Foundation). 23 More precisely, the survival package was used for survival analyses, the rms package was used for model building and internal validation, the boot package for bootstrap, and the mice package for multiple imputation. 
Results
Characteristics and Outcome of the Derivation Cohort
At the time of initial presentation between January 2000 and November 2014, the mean (SD) age of the 1066 patients included in the derivation cohort was 39.3 (13.7) years, and 548 (51.4%) were women. Other baseline characteristics are presented in Table 1 . Over a median (interquartile range) follow-up of 11.7 (7.7-14.3) years, 241 patients (22.6%) died at a mean (SD) age of 56.0 (11.6) years, representing a 2.4% (95% CI, 2.1-2.7) annual mortality (eFigure 1 in the Supplement). The primary causes of death are listed in the eTable in the Supplement. The most common primary causes of death were respiratory failure in 44 patients (18.3%), sudden cardiac death in 33 (13.7%), and pneumonia in 31 (12.9%).
Prognostic Score
The model selection procedure retained age, diabetes, smoking status, need for support when walking, heart rate, systolic blood pressure, first-degree atrioventricular, bundlebranch block, and vital capacity when based on the standard rules by Rubin 14 for pooling the model results across imputed data sets and on each imputed data set separately. In addition, the interactions between age and systolic blood pressure, diabetes and vital capacity, diabetes and heart rate, and need for support when walking and first-degree atrioventricular block exceeded the threshold for inclusion in the model. Examination of the models with and without interactions and with and without smoking status revealed a higher calibration in the models without interactions and without smoking status at inclusion, which were finally retained. The regression coefficients for the full multiple variable and the retained models (corrected for overoptimism) are presented in Table 2 . The model was well calibrated (eFigure 2 in the Supplement), and its optimism-corrected C index was 0.756 (95% CI, 0.725-0.787) for the original score and 0.753 (95% CI, 0.722-0.785) for the simplified score.
Simplified score points were attributed to the variables of the final model by rounding the regression coefficients multiplied by 4. Adding the score points of each relevant characteristic of individual patients yielded scores between 0 and 20, with 0 indicating the lowest and 20 the highest risk of death. The probability of 10-year survival predicted by the score value is presented in Figure 1 . Survival curves for categories of the simplified score for the 35 imputed data sets revealed a clear separation of the curves and small between-imputation variations ( Figure 2A ).
External Validation Cohort
At the time of initial presentation, the mean (SD) age of the 230 patients in the validation cohort was 41.9 (13.8) years, and 122 (53.0%) were women. Their other characteristics are presented in Table 1 . Of these 230 patients, 71 (30.9%) died over a median (interquartile range) follow-up of 8.4 (5.9-12.0) years. The slope of the score in the Cox model was 1.07 (95% CI, 0.82-1.33; P=.22), indicating slightly better discrimination than in the derivation cohort. This was confirmed by discrimination indexes that were somewhat higher than in the derivation cohort, with a C index of 0.804 (95% CI, 0.754-0.853) for the original score and 0.806 (95% CI, 0.758-0.855) for the simplified score. Figure 2B shows observed and predicted survivals for the same score categories as in Figure 2A , with an excellent calibration of the score for the 2 extreme categories as well as for simplified scores between 8 and 10. The predicted survival was slightly more optimistic for the 2 other categories, especially beyond 6 to 7 years. Nonetheless, the groups remained clearly separated over a longer follow-up. Table 3 shows the survival probability in the validation cohort at 5, 10, and 15 years according to the DM1 prognostic score values.
Discussion
We have developed a practical risk score that predicts the probability of long-term survival of patients presenting with DM1 based on a set of common patient characteristics. We found that age, diabetes, need for support when walking, heart rate, systolic blood pressure, first-degree atrioventricular, bundlebranch block, and vital capacity contained the largest amount of prognostic information. To our knowledge, the development of this score is the first attempt to reliably predict survival in patients with DM1. Based on a simple scoring method, the DM1 prognostic score accurately discriminated survivors from nonsurvivors in both the derivation and the validation cohorts and showed wellcalibrated predictions of overall survival at 10 years. A comparison of our score with existing disease-agnostic risk prediction models might have added to its clinical contribution, although we were unable to find such risk score applicable to our DM1 population based on a set of variables present in our database. However, compared with prognostic scores developed for other long-term disorders, the power of our model in the prediction of 10-year survival in patients with DM1, a complex disease involving multiple systems, was particularly high. 24 The use of this score in routine clinical care is simple because it only requires 8 patient characteristics obtained by clini- cal examinations, electrocardiography, and pulmonary function tests. Its ability to predict patient survival over the long term may help caregivers plan a personalized supervision of the disease. The multidisciplinary management of DM1 by centers dedicated to the treatment of muscular diseases includes appropriate screening, surveillance of manageable complications, and specialized therapies. This multidisciplinary management has improved patients' prognosis by preventing respiratory and cardiac complications. The patients likely to benefit the most from our prognostic score remain to be determined, although we presume that those at highest risk would benefit from closer surveillance, more intensive health education and counseling, and earlier awareness and management of complications known to precipitate fatal events, such as deglutition disorders, infections of the airways, and atrial fibrillation. On the other hand, for patients at lower risk, particularly those in intermediate groups whose risk may be difficult to estimate, preventive measures seem preferable because they can be delivered over longer periods of time for a less advanced and more easily treatable disease. Among the characteristics included in the DM1 prognostic score, age, limitation of ambulation, conduction defects on electrocardiography, and depressed vital capacity have previously been associated with survival. 5, 6, 9 The inclusion of conduction defects on electrocardiography and impaired vital capacity in this score was not surprising because respiratory insufficiency, pneumonia, and sudden death have been, by far, the most frequent causes of death in this and several earlier studies. 5, 6 Other variables included in our analysis, such as CTG amplification size, dysphagia, atrial fibrillation, and left ventricular dysfunction, had no additional predictive value despite being associated with a higher mortality. An arterial systolic blood pressure of 110 mm Hg or less and a heart rate greater than 63 beats per minute were also independently associated with overall survival and added prognostic value above and beyond the classical prognostic factors of the disease. Measurements of blood pressure and heart rate, which are also predictive of cardiovascular and allcause mortality in the general population, 25,26 may be separately associated with DM1 and its pathophysiology. Systolic hypotension has been previously described in patients presenting with DM1, 27 although, to our knowledge, whether it has prognostic value has not been previously reported. It is not clear whether it is a specific complication of the disease related to the genetic mutation or a nonspecific marker of disease severity. A slow heart rate was associated with a better vital prognosis, which was unexpected because, in these patients, it was mostly caused by sinus node dysfunction, itself often present in the context of advanced heart disease.
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Limitations
Our study had limitations. Because data points were missing, we used the multiple imputation technique to borrow information from all potential predictors and from the outcome.
There is growing theoretical and empirical support favoring multiple imputation to correct for missing data. 19, 29, 30 Even after verification of the convergence of the algorithm, some assumptions underlying the use of multiple imputation, such as randomly missing data, could not be verified despite being clinically plausible. However, a risk persists that the prognos- tic value of variables with the highest proportion of missing information was underestimated. It is also noteworthy that data were not generally missing because of the absence of respiratory or cardiovascular investigations but because we had limited inclusion in our statistical model to data collected at the time of baseline hospitalization. Second, a higher proportion of patients presenting with conduction defects on electrocardiography underwent electrophysiological studies and pro- phylactic pacing in our study compared with other studies, which may have underestimated the weight of conduction defects in the evaluation of the risk of death. 28 Similarly, a high proportion of patients with decreased vital capacity were treated with noninvasive ventilation, which may have underestimated the weight of restrictive respiratory insufficiency on vital prognosis. These preventive measures are in agreement with current recommendations regarding the cardiac and respiratory management of myotonic dystrophy. 8 Caregivers using the DM1 prognostic score should take into consideration differences in their practices with regard to these preventive measures to not underestimate their patients' risk of death. Another limitation of this score is that as follow-up duration increases, the survival estimates become less precise and the confidence intervals widen, especially by 15 years, when the clinical relevance of the score is probably lower than at 5 or 10 years. In addition, the confidence intervals appeared largest in patients whose scores were the highest, especially for follow-up durations above 10 years.
Conclusions
We developed and validated internally and externally the DM1 prognostic score, a reliable predictor of the probability long-term survival in patients with DM1 based on a set of common patient characteristics, including age, diabetes, need for support when walking, heart rate, systolic blood pressure, first-degree atrioventricular, bundle-branch block, and vital capacity.
